Background. Toll-Like Receptor 4 (TLR4) signaling mediates early inflammation after cold ischemia-reperfusion (I/R). We hypothesized that the TLR4 coreceptor CD14, the intracellular adaptor proteins myeloid differentiation factor 88 (MyD88) and TIR domain-containing-adaptor inducing IFN␤ (TRIF) would be required for cold I/R induced inflammation. High mobility group box 1 (HMGB1) is a putative endogenous activator of TLR4. Therefore, we also assessed the contribution of HMGB1 in cold I/R induced inflammation. Methods. Syngeneic heart transplants were performed in mice deficient in CD14, MyD88, TRIF, or wild-type mice. In other experiments, anti-HMGB1 neutralizing antibody or control IgG was administered at reperfusion. Donor hearts were subjected to 2 hr of cold ischemia and retrieved after 3 hr of reperfusion. Results. After cold I/R, grafts revealed striking translocation of HMGB1 out of the nucleus in cardiac myocytes. Administration of an anti-HMGB1 neutralizing antibody resulted in reduced systemic interleukin (IL)-6, tumor necrosis factor alpha (TNF␣), and intercellular adhesion molecule-1 (ICAM-1) messenger RNA (mRNA) levels (PՅ0.05). Compared with controls, CD14 knock-out (KO) mice exhibited significantly lower (PՅ0.05) systemic IL-6 and JE/monocyte chemotractant protein-1 levels after cold I/R. Intragraft TNF␣ and IL-1␤ mRNA levels were also significantly lower (PՅ0.05) in CD14 KO grafts. MyD88 KO mice exhibited significantly lower (PՅ0.05) systemic IL-6 levels compared with control mice after cold I/R. Intragraft TNF␣, IL-6, and ICAM-1 mRNA levels were also significantly lower (PՅ0.05) in MyD88 KO grafts. Significantly lower levels (PՅ0.05) of serum IL-6, monocyte chemotractant protein-1 as well as intragraft TNF␣, IL-6, IL-1␤, and ICAM-1 were observed after cold I/R in TRIF deficient animals compared with controls. Conclusions. CD14, MyD88, TRIF, and HMGB1 contribute to the inflammatory response that occurs after cold I/R. These results provide insight into the mechanisms of TLR4-mediated inflammation after cold I/R.
T oll-like receptors (TLRs) are a family of molecules that play a critical role in innate immunity. Members of this family of evolutionarily conserved transmembrane receptors serve as pattern recognition receptors, which recognize conserved microbial motifs in molecules such as bacterial lipopolysaccharide (LPS), peptidoglycan, flagellin, unmethylated CpG DNA, double and single stranded RNA (1, 2) . Activation of the corresponding TLR by any these molecules results in an inflammatory response, alerting the host to the presence of microbial invasion and initiating an immune response. Recent observations demonstrate that some TLR family members also alert the host to the presence of tissue damage and become activated by endogenous molecules released from damaged or ischemic tissues (2) (3) (4) . Heparan sulfate, hyaluronic acid, fibrinogen, high mobility group box-1 (HMGB1), heat shock proteins, oxidized phospholipids, and other endogenous molecules have been shown to initiate inflammatory pathways through TLR4 (5) (6) (7) (8) (9) (10) (11) (12) (13) .
Accordingly, recent evidence has implicated TLR4 as a central mediator of inflammation and organ injury after ischemia-reperfusion (I/R). Specifically, TLR4 has been shown to play a role in models of hepatic (14 -18) , pulmonary (19) , brain (20, 21) , and renal (22) warm I/R injury. Furthermore, mice deficient in TLR4 signaling demonstrated reduced infarct sizes and diminished inflammatory responses in models of regional warm myocardial I/R mimicking myocardial infarction (23) (24) (25) . Inhibition of TLR4 with a soluble inhibitor in the context of myocardial warm I/R resulted in similar findings (26) . At least one study has also demonstrated that TLR4 signaling influences myocardial dysfunction after warm ischemic injury (27) .
Although these studies have clearly implicated TLR4 as an important mediator of inflammation and organ injury after warm I/R, it is well known that the molecular events that occur in the setting of cold I/R are markedly different. We have previously demonstrated that TLR4 signaling on both donor and recipient cell types plays a central role in mediating the robust early inflammatory response that occurs after cold I/R, as in the setting of solid organ transplantation (28) . A remarkable dependency on TLR4 has also been reported in a model of hepatic injury after cold preservation and transplantation (29) . Together, these studies strongly implicate TLR4 as a mediator of inflammation and organ injury after cold I/R.
The precise molecular mechanisms of TLR4 signaling have not been entirely elucidated and are currently under investigation. It has been well established, however, that CD14 cooperates with TLR4 at the cell surface to detect the presence of bacterial LPS (30) . Furthermore, it is known that after stimulation with LPS, TLR4 signaling is mediated by two distinct intracellular adaptor proteins: one known as myeloid differentiation factor 88 (MyD88) and another known as TIR domain-containing-adaptor inducing IFN␤ (toll-interleukin receptor [TRIF]) (31, 32) . MyD88 and TRIF activate distinct, but partially overlapping intracellular signaling cascades that ultimately trigger an inflammatory response.
HMGB1 is an endogenous molecule originally identified as a DNA binding protein (33, 34) . It was later demonstrated that HMGB1 also serves as a late mediator of lethality in sepsis (35) . Subsequent studies have demonstrated that neutralizing antibodies against HMGB1 ameliorate the inflammatory response and organ injury in several models of sterile injury including hemorrhagic shock (36) , femur fracture (37) , and hepatic warm I/R (18) . In vitro studies have suggested that HMGB1 binds to the TLR4 signaling complex and activates TLR4 (11, 38) . Other recent findings suggest that the interaction of HMGB1 with other molecules may be required for activity (39) . Therefore, HMGB1 mobilized from the nucleus may serve as a key integrator of inflammatory signaling in both infection and injury.
Understanding the precise molecular events that trigger the early inflammatory response in the setting of cold I/R will be critical to ultimately developing therapeutics aimed at ameliorating this response, which may ultimately help prevent organ injury and possibly facilitate immune tolerance in solid organ transplantation. Although our previous results implicate TLR4 as a central mediator of inflammation after cold I/R, it is unclear whether CD14 is also required to mediate this response in the setting of cold I/R. Furthermore, it is unknown whether TLR4 uses either the adaptor MyD88, the adaptor TRIF, or both of these adaptor molecules to mediate intracellular signaling in the setting of cold I/R. Lastly, the endogenous ligands that activate TLR4 in the setting of cold I/R have not been characterized.
To better understand the specific molecular pathways used by TLR4 in the setting of cold I/R, we hypothesize that the coreceptor CD14, the adaptor proteins MyD88 and TRIF, and the endogenous molecule HMGB1 contribute to the early inflammatory response after cold I/R in a murine cardiac transplant model. This study used a heterotopic murine cardiac transplant model to test this hypothesis and accordingly found that each of these molecules plays a role in the inflammatory response that occurs in the setting cold I/R.
MATERIALS AND METHODS

Animals
Male wild-type (C57/Bl6) mice (8 -12 weeks old) were purchased from the Jackson Laboratory (Bar Harbor, ME ) mice were provided by Dr. Bruce Beutler. All mutant strains were backcrossed at least 10 times onto a C57/Bl6 background. Animals used in all experiments were maintained in laminar flow cages in a specific pathogen-free atmosphere at the University of Pittsburgh (Pittsburgh, PA). A standard diet and water were provided ad libitum. MyD88 deficient mice were provided water supplemented with trimethoprim (0.032 mg/mL) and sulfamethoxazole (0.16 mg/mL) until 8 weeks of age. Antibiotics were stopped for at least 2 weeks before use in experiments. Experimental protocols were approved by the Animal Care and Use Committee of the University of Pittsburgh and all experiments were performed in adherence to the National Institutes of Health Guidelines for the use of laboratory animals.
Heterotopic Heart Transplantation
Heterotopic heart transplantation was performed in wild-type and mutant strains as previously described (40) . To summarize, hearts were procured with cold University of Wisconsin (UW) solution (Viaspan, Du Pont, Wilmington, DE) solution and placed in cold UW solution for 2 hr at 4°C for preservation. Heart transplantation was performed in a heterotopic position by anastomosing the graft aorta and pulmonary artery to the recipient abdominal aorta and inferior vena cava, respectively. Each anastomosis was performed in an end-to-side fashion. At 3 hr postreperfusion, grafts were subsequently harvested for analysis. Neutralizing anti-HMGB1 antibody was prepared as previously described (41) . Intraperitoneal administration of 600 g of anti-HMGB1 neutralizing antibody (provided by Dr. Kevin J. Tracey) or control IgG (Sigma) was performed in experiments as indicated.
Serum Analysis
At 3 hr postreperfusion, blood samples were obtained from animals by means of inferior vena cava puncture. Serum was collected and stored at Ϫ80°C until analysis was performed. Serum levels of cytokines, including interleukin (IL)-6 and JE/monocyte chemotractant protein-1 (MCP-1), were measured using enzyme-linked immunosorbent assays (ELISAs) performed according to the manufacturer's instructions (R&D Systems, Minneapolis, MN). In our previous study, the greatest differences among groups were observed when serum IL-6 and JE/MCP-1 were measured (28) . For this reason, these cytokines were chosen for analysis in this study.
SYBR Green Real-Time Reverse-Transcriptase Polymerase Chain Reaction
Tissues were homogenized with a rotor-stator homogenizer and treated with Proteinase K (Qiagen, Valencia, CA) at 55°C for 20 min. RNA was prepared by using a silica-gel based membrane method using the RNeasy Midi Kit (Qiagen) according to the manufacturer's instructions. An oncolumn DNase digestion using RNase-free DNase (Qiagen) was performed to rid the samples of genomic DNA. One microgram of RNA was used to generate complementary DNA using oligo dT primers (Qiagen) and Omniscript (Qiagen) reverse transcriptase. PCR reaction mixtures were prepared using SYBR Green PCR master mix (PE Applied Biosystems, Foster City, CA). SYBR Green two-step real-time reversetranscriptase polymerase chain reaction (RT-PCR) for tumor necrosis factor-alpha (TNF␣), IL-6, IL-1␤, intercellular adhesion molecule-1 (ICAM-1), and ␤-actin was performed as described. All samples were run in duplicate. The level of gene expression for each sample was normalized to ␤-actin mRNA expression using the comparative C t method (42) .
Histopathology and Immunohistochemistry
Graft tissues were frozen in OCT (Optimal Cold Temperature; Sakura Finetek, Inc., Torrance, CA). The OCTembedded tissues were then cut into 6-m sections. Sections were then stained by immunohistochemistry.
Six-micrometer sections on glass slides were rehydrated with two washes of phosphate-buffered saline (PBS). After three washes with 0.5% bovine serum albumin (BSA) in PBS, nonspecific binding was blocked with 2% BSA. After another wash with 0.5% BSA in PBS, rabbit anti-HMGB1 (Abcam, Cambridge, MA) antibody at a 1:100 dilution in 0.5% BSA was then applied and allowed to incubate for 60 min at room temperature. The slides were washed with 0.5% BSA, and a secondary antibody (goat anti-rabbit Alexa Fluor 488, 1:500 in 0.5% BSA; Invitrogen) was applied. After washing, the slides were rinsed with PBS and coverslips were applied with mounting media (21 g polyvinylalcohol, 52 mL water, sodium azide, 106 mL 0.2-M Tris buffer). Slides were dried overnight and then visualized with a confocal microscope (Fluoview 1000; Olympus). Images were analyzed in a blinded fashion.
Statistical Analysis
Results are expressed as meanϮSEM. Student's t test was used for statistical analysis.
RESULTS
HMGB1 is an Endogenous Molecule That Contributes to the Early Inflammatory Response After Cold I/R
The endogenous molecule HMGB1 is predominantly confined to the nucleus of cells under normal conditions. To assess whether HMGB1 might act as a systemic inflammatory mediator in the setting of cold I/R, we first evaluated whether the subcellular localization of HMGB1 was altered after cold I/R using immunohistochemistry (Fig. 1) . In hearts from unmanipulated animals, HMGB1 was predominantly confined to the nucleus. However, after cold preservation and reperfusion, there was dramatic loss of HMGB1 from the nucleus of cardiomyocytes in the graft.
To further evaluate the role of HMGB1 as an inflammatory mediator in the setting of I/R, in a separate set of experiments, a polyclonal anti-HMGB1 neutralizing antibody was administered at the time of reperfusion. Administration of a neutralizing antibody against HMGB1 at the time of reperfusion resulted in significantly lower systemic levels of IL-6 after I/R compared with animals that received control IgG, although this difference was modest ( Fig. 2A) . Significantly lower levels of intragraft TNF␣ and ICAM-1 mRNA were also observed in grafts from animals that received anti-HMGB1 antibody as compared with those that received control IgG ( Figure 2C,F) . Trends toward lower levels of serum JE/MCP-1, and intragraft, IL-6, and IL-1␤ mRNA were also observed, but these differences did not reach statistical significance.
CD14 Contributes to Systemic and Intragraft Inflammation After Cold I/R
Even in the absence of adaptive immunity, a systemic inflammatory response occurs early after cold I/R (43) . Our previous data demonstrate that TLR4 is an essential component of the systemic and intragraft inflammatory responses that occur in the setting of cold I/R (28). To determine whether the TLR4 coreceptor CD14 also plays a role in mediating this response, we performed syngeneic, heterotopic cardiac transplants in mice deficient in CD14 and their wild-type counterparts (C57/Bl6). As expected, in wild-type mice receiving cold-preserved cardiac grafts from wild-type mice, serum IL-6 levels were significantly elevated above known baseline levels. However, this response was significantly blunted in CD14 deficient mice A B FIGURE 1. High mobility group box 1 (HMGB1) translocates out of the nucleus after cold ischemia-reperfusion. Unmanipulated hearts were procured from wild-type animals (A) Grafts that had undergone 2 hr of cold ischemia before transplantation were harvested after 3 hr of reperfusion (B). Frozen tissues were sectioned, and then stained using an anti-HMGB1 antibody (red), and counter-stained with a nuclear marker (DRAQ5, blue). Single arrows are used denote nuclei with intense staining for HMGB1. Arrowheads highlight nuclei with markedly less HMGB1 staining. Images representative of three independent experiments are shown. Magnification, ϫ100.
that received hearts from CD14 deficient animals (Fig.  3A) . Similar results were obtained when the cytokine JE/ MCP-1 was measured (Fig. 3B) . Quantitative RT-PCR was used to measure the mRNA levels of intragraft inflammatory cytokines that have been previously demonstrated to be upregulated after cold I/R. Intragraft TNF mRNA levels were upregulated in transplanted grafts in the wild-type3wild-type group compared with control hearts. However, this response was blunted in transplanted hearts from the CD14 deficient group (Fig. 3C) . Similar results were observed when IL-1␤ mRNA levels were measured (Fig. 3E) . The leukocyte adhesion molecule ICAM-1 is also upregulated after I/R and directs leukocyte trafficking into tissues after reperfusion (44, 45) . ICAM-1 mRNA levels were dramatically upregulated in wild-type grafts after transplant, whereas CD14 KO grafts exhibited significantly less ICAM-1 mRNA upregulation (Fig. 3F) . A trend toward lower levels of intragraft IL-6 mRNA in CD14 KO grafts compared with controls was observed, but this difference did not reach statistical significance.
MyD88 Mediates Systemic and Intragraft Inflammation After Cold I/R
MyD88 is an intracellular adaptor protein that mediates signaling for most known TLRs, with the exception of TLR3. On activation, TLR4 signaling through the MyD88-dependent pathway leads to MAP kinase and NF-kB activation, resulting in proinflammatory cytokine production. MyD88 deficient animals exhibited substantially less inflammatory cytokine production and release, leukocyte infiltration in ischemic kidneys, and organ injury as measured by serum creatinine in a model of renal warm I/R (22) . Furthermore, blocking MyD88 signaling using an adenoviral vector expressing a dominant negative mutant MyD88 resulted in reduced cardiomyocyte apoptosis, less NF-kB activation, and smaller infarct size compared with controls in a model of myocardial infarct model (46) .
On the basis of these observations, we hypothesized that MyD88 would mediate the early inflammatory response observed after cold I/R. To test this hypothesis, we performed syngeneic, heterotopic cardiac transplants in MyD88 defi- 
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IgG anti-HMGB1 Control * FIGURE 2. High mobility group box 1 (HMGB1) promotes systemic and intragraft inflammation after cardiac cold ischemiareperfusion. Transplants were performed between wild-type mice. At the time of reperfusion, a control IgG antibody or anti-HMGB1 antibody was administered (nϭ4 -6 per group). Serum and grafts were harvested after 3 hr of reperfusion. Serum levels of interleukin (IL)-6 (A) and JE/monocyte chemotractant protein-1 (B) were measured by ELISA. Intragraft messenger RNA levels of tumor necrosis factor-alpha (C), IL-6 (D), IL-1␤ (E), and intercellular adhesion molecule-1 (F) were measured by quantitative reversetranscriptase polymerase chain reaction. All values were normalized to transcript levels of ␤-actin. Results are displayed as meanϮSE, *P is less than or equal to 0.05 vs. control IgG transplant by student's t test. cient mice and wild-type mice. We observed significantly lower levels of serum IL-6 in MyD88 deficient animals after cold I/R compared with wild-type controls (Fig. 4A) . There was also a clear trend toward lower levels of JE/MCP-1 after I/R in MyD88 deficient mice compared with wild-type mice (Fig. 4B) . TNF␣, IL-6, and ICAM-1 mRNA levels were also lower in MyD88 deficient grafts compared with wild-type grafts (Fig. 4C, D, F) . In contrast, there was no appreciable difference in IL-1␤ mRNA levels in MyD88 deficient grafts compared with wild-type grafts (Fig. 4E) .
TRIF Mediates Systemic and Intragraft Inflammation After Cold I/R
Among TLRs, TLR4 is unique as it can use the both the adaptor MyD88 and the adaptor TRIF. The role of TRIFmediated signaling in cold I/R has not been previously investigated. To evaluate whether the adaptor TRIF also plays a role as a mediator of the early inflammatory response after cold I/R, we performed syngeneic, heterotopic cardiac transplants in mice deficient in TRIF and their wild-type counterparts. After cold I/R, serum levels of both IL-6 and JE/MCP-1 were significantly lower in TRIF deficient mice compared with wild-type mice (Fig. 5A, B ). There were also significantly lower levels of intragraft TNF␣, IL-6, IL-1␤, and ICAM-1 mRNA in grafts from TRIF deficient animals compared with wild-type animals ( Fig. 5C-F) .
DISCUSSION
The process of cold preservation of organs and subsequent reperfusion is of central importance in solid organ transplantation. The mechanisms of warm and cold ischemic injury, which have been reviewed in detail elsewhere, are complex and overlapping (47) (48) (49) (50) . In the ischemic phase of I/R injury, cellular anoxia results in a decrease in mitochondrial adenosine triphosphate production. The resultant energy deficit results in intracellular acidosis, cellular swelling, and increased intracellular calcium concentrations. Eventually, necrotic cell death ensues. Although these processes occur to some extent during both warm and cold ischemia, cold preservation markedly decreases the rate at which these processes occur. Accordingly, experimental models have demonstrated that brief episodes of warm ischemia induce similar amounts of tissue damage as more prolonged periods of cold ischemia (51). . CD14 contributes to systemic and intragraft inflammation after cardiac cold ischemia-reperfusion. Serum samples were collected from both wild-type3wild-type and CD14 mutant3mutant animals (nϭ4-6 samples per group) 3 hr after reperfusion. Serum levels of (A) interleukin (IL)-6 and (B) JE/monocyte chemotractant protein-1 were measured by ELISA.
Transplanted cardiac grafts were retrieved from both wild-type3wild-type and CD14 mutant3mutant animals (nϭ4-6 samples per group) 3 hr after reperfusion. Intragraft messenger RNA transcript levels of (C) tumor necrosis factor-alpha, (D) IL-6 (E) IL-1␤, and (F) intercellular adhesion molecule-1 were measured by reverse-transcriptase polymerase chain reaction and normalized to ␤-actin transcript levels. Relative messenger RNA levels compared with the wild-type control group are displayed. Results are displayed as meanϮSE, *P is less than or equal to 0.05 vs. wild-type3wild-type transplant by student's t test.
During reperfusion, an inflammatory response occurs and results in further tissue injury after both warm and cold ischemia. This phase is characterized by tissue infiltration by neutrophils and macrophages, cytokine release, and complement deposition. Endothelial activation and dysfunction also occurs, along with platelet activation and activation of the coagulation cascade. Another difference between warm and cold ischemia include increased susceptibility of endothelial cells to cell death during cold ischemia (52) . Reperfusion also results in tissue damage through the production of reactive oxygen species. The magnitude of the inflammatory response and resultant tissue injury that occurs during reperfusion is in part dependent on the degree of tissue injury during the anoxic phase and varies between warm and cold ischemia (53) . Another unique feature of cold ischemia is coldinduced apoptosis, where apoptosis is triggered by the accumulation of chelatable iron that occurs during cold ischemia (54) .
Our previous results demonstrated that the systemic and intragraft inflammatory responses that occur in the setting of cold I/R are markedly reduced in the absence of TLR4 signaling. The data presented here yield insight into the mechanisms of TLR4-mediated signaling in the context of cold I/R. Specifically, these data implicate the TLR4 coreceptor CD14 and the TLR adaptor proteins MyD88 and TRIF as mediators of the inflammatory response after cold I/R. In addition, these data also indicate that HMGB1, one endogenous molecule believed to contribute to TLR4 signaling also contributes to cold I/R mediated inflammation.
Our observation that CD14 is involved in cold cardiac I/R induced inflammation is unique for a sterile injury model. CD14 is a GPI-linked surface molecule shown to be required for the recognition of LPS by the TLR4/MD2 complex. CD14 may also bind to oxidized lipids and therefore may be involved in inflammatory signaling in the setting of I/R. This dependency on CD14 may be unique to the heart, as we found no difference in I/R induced injury or cytokine levels when CD14 Ϫ/Ϫ mice were subjected to warm I/R (18) . In a renal warm I/R model, there was significantly less proinflammatory cytokine production and cellular infiltration observed in kidneys from MyD88-deficient mice when compared with wild-type counterparts (22) . In addition, by blocking the MyD88 dependent pathway with an adenoviral construct carrying a dominant-negative MyD88, Hua et al. (46) found that inhibition of MyD88 resulted in less NF-kB activation, less cardiac myocyte apoptosis, and smaller infarct sizes in a myocardial warm I/R model. In contrast, previous observations by Zhai et al. (17) suggest that TLR4 signaling after liver warm I/R is mediated through MyD88 independent 
FIGURE 4.
Myeloid differentiation factor 88 (MyD88) mediates systemic and intragraft inflammation after cardiac cold ischemiareperfusion. Serum samples were collected from both wild-type3wild-type and MyD88 mutant3mutant animals (nϭ4 -6 samples per group) 3 hr after reperfusion. Serum levels of (A) interleukin (IL)-6 and (B) JE/ monocyte chemotractant protein-1 were measured by ELISA. Transplanted cardiac grafts were retrieved from both wildtype3wild-type and MyD88 mutant3mutant animals (nϭ4 -6 samples per group) 3 hr after reperfusion. Intragraft messenger RNA transcript levels of (C) tumor necrosis factoralpha, (D) IL-6 (E) IL-1␤, and (F) intercellular adhesion molecule-1 were measured by reverse-transcriptase polymerase chain reaction and normalized to ␤-actin transcript levels. Relative messenger RNA levels compared with the wild-type control group are displayed. Results are displayed as meanϮSE, *P is less than or equal to 0.05 vs. wildtype3wild-type transplant by student's t test.
mechanisms. Instead, these investigators implicated TRIFdependent signaling by showing that mice deficient for IRF3 were protected from warm I/R induced injury. IRF3 is a transcription factor that is downstream of TRIF. Our results indicate that both MyD88 and TRIF play a role in the inflammatory response that occurs after cold I/R.
It should be noted that all known TLRs with the exception of TLR3 using MyD88. TLR3 exclusively uses the adaptor TRIF. TLR4 is unique among TLRs, as it uses both TRIF and MyD88-dependent intracellular signaling pathways. The central involvement of TLR4 as a key regulator of cold cardiac I/R induced inflammation is a one possible explanation for the involvement participation of both MyD88 and TRIF in our model. We have previously shown that both donor and recipient TLR4 contribute to cytokine production in cold cardiac I/R. Therefore, it is possible that cells of different origins or types selectively use these TLR adaptors. Furthermore, we have not excluded roles for other TLRs in the inflammatory response to cold I/R. It is noteworthy that we have seen no role for TLR2 in the inflammatory cytokine production or organ injury seen in warm liver I/R (18) .
Evidence is accumulating that suggests TLR activation plays an important role in promoting graft rejection. Administration of TLR agonists can abrogate the effects of costimulatory blockade and prevent tolerance induction (55) (56) (57) . It is interesting to note that in the absence of MyD88, transplantation of skin grafts across minor histocompatibility antigens is possible (58) . However, both TRIF and MyD88 must be absent to permit transplantation across major histocompatibility barriers. Recent in vitro evidence correlates with these findings by demonstrating that activation of MyD88-and TRIF-dependent pathways together accounts for maximal dendritic cell maturation in response to LPS (59) .
Previous studies involving models of hepatic warm I/R have demonstrated a more prominent role for HMGB1 than what we have observed in this study (18) . This may indicate that other ligands, such as heparan sulfate, HSPs, fibrinogen, hyaluronan, or oxidized phospholipids may play a more critical role as endogenous triggers of inflammation after cold I/R. Alternatively, organ specific differences may be accountable for this apparent difference.
These results provide insights into the mechanisms of TLR4-mediated inflammation after cold I/R. A better understanding of these mechanisms may ultimately lead to the development of therapeutics aimed at preventing graft injury and facilitating immunologic tolerance by ameliorating the inflammatory response that occurs in the setting of organ transplantation after cold I/R. . TIR domain-containing-adaptor inducing IFN␤ (TRIF) also mediates systemic and intragraft inflammation after cardiac cold ischemia-reperfusion. Serum samples were collected from both wild-type3wild-type and TRIF mutant3mutant animals (nϭ4-6 samples per group) 3 hr after reperfusion. Serum levels of (A) interleukin (IL)-6 and (B) JE/monocyte chemotractant protein-1 were measured by ELISA. Transplanted cardiac grafts were retrieved from both wild-type3wild-type and TRIF mutant3mutant animals (nϭ4-6 samples per group) 3 hr after reperfusion. Intragraft messenger RNA transcript levels of (C) tumor necrosis factor-alpha, (D) IL-6 (E) IL-1␤, and (F) intercellular adhesion molecule-1 were measured by reverse-transcriptase polymerase chain reaction and normalized to ␤-actin transcript levels. Relative messenger RNA levels compared with the wild-type control group are displayed. Results are displayed as meanϮSE, *P is less than or equal to 0.05 vs. wild-type3wild-type transplant by student's t test.
